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Muscular dystrophies are a clinically and genetically heterogeneous group of skeletal muscle‐wasting diseases. Even for experts in the field of neuromuscular diseases, it is becoming increasingly difficult to distinguish and accurately diagnose all forms of muscular dystrophy on clinical grounds alone, as there is currently a still growing number of different genetic loci for muscular dystrophies.[1](#jcsm12245-bib-0001){ref-type="ref"} At present, therapy of muscular dystrophies is predominantly based on symptomatic treatment and supportive care. However, within the last years, promising new molecular therapies have been developed facilitating causative therapy in the near future.[2](#jcsm12245-bib-0002){ref-type="ref"}, [3](#jcsm12245-bib-0003){ref-type="ref"}, [4](#jcsm12245-bib-0004){ref-type="ref"}

Duchenne muscular dystrophy (DMD) represents the most frequent hereditary childhood myopathy, leading to progressive muscle atrophy and weakness and premature death; interestingly, the underlying genetic defect in the dystrophin gene with an X‐linked trait has been described more than 25 years ago. The worldwide incidence is estimated with 1:5000 male newborns.[5](#jcsm12245-bib-0005){ref-type="ref"}, [6](#jcsm12245-bib-0006){ref-type="ref"} First symptoms are usually noted between age 3 and 5, while loss of ambulation occurs around age 12, along with scoliosis, contractures, respiratory and cardiac impairment requiring early ventilatory support and heart medication[7](#jcsm12245-bib-0007){ref-type="ref"} (Table [1](#jcsm12245-tbl-0001){ref-type="table-wrap"}). Life expectancy is reduced to 30--40 years of age although multidisciplinary symptomatic and surgical treatment has considerably improved survival within the last two decades.[8](#jcsm12245-bib-0008){ref-type="ref"}, [9](#jcsm12245-bib-0009){ref-type="ref"}

###### 

Typical course and transition in DMD; life expectancy is around 30 years and can be prolonged by invasive ventilation therapy

  ----------------------------------
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Becker muscular dystrophy (BMD) is the allelic phenotype of DMD with wider variability of clinical symptoms but usually milder impairment and slower progression with an estimated incidence of 1:20 000.[6](#jcsm12245-bib-0006){ref-type="ref"} The mutation in the dystrophin gene does not cause a reading frame interruption but a so called in frame mutation that leads to translation of different amounts of a truncated Dystrophin protein that can maintain a low protein function level within the muscle cells of these patients.[10](#jcsm12245-bib-0010){ref-type="ref"}, [11](#jcsm12245-bib-0011){ref-type="ref"}

Similar to leading the way towards genetic diagnostics back then, DMD today is within the main focus of new gene‐based therapies.

Over the last decades, the identification of the dystrophin gene has led to a deeper understanding of the muscle cell membrane and the proteins responsible for membrane stability. Animal models, mainly the mdx mouse and the golden retriever muscular dystrophy (GRMD) dog---with natural mutations or specifically developed by gene targeting---have strongly contributed to enhance knowledge on disease progression, underlying pathology and therapeutic development.[12](#jcsm12245-bib-0012){ref-type="ref"} Recently, a promising large animal model for studying disease mechanisms and for the development and evaluation of targeted therapies of Duchenne muscular dystrophy, the DMDpig, had been successfully established.[13](#jcsm12245-bib-0013){ref-type="ref"}, [14](#jcsm12245-bib-0014){ref-type="ref"} Pigs are particularly suitable animal models for translational biomedical research as they reflect many anatomical and physiological characteristics of humans. This animal model reflects a frequent mutation of human DMD patients, a deletion of exon 52; therefore, the DMD pig represents a promising model for testing targeted genetic treatments.

Two predominant therapeutic strategies can be differentiated---dystrophin‐based therapies, e.g. stem cell therapy, virus‐based gene therapy, exon skipping by antisense oligonucleotides or morpholinos, e.g. Eteplirsen/Exondys51®, approved in the US in 2016 for DMD with deletions amendable to exon 51 skipping, and stop codon read‐through by Ataluren/Translarna®, which had been conditionally approved as the first drug in DMD in 2014 in Europe for treatment of nonsense‐mutation DMD (nmDMD), and dystrophin‐independent treatments such as utrophin modulation, alpha‐7‐integrin up‐regulation, myostatin inhibition, follistatin gene therapy, along with other strategies for muscle growth.[15](#jcsm12245-bib-0015){ref-type="ref"} Unfortunately, until now, the large size of the dystrophin gene hinders direct replacement through viral gene therapy.

Nonsense stop codon read‐through therapy[16](#jcsm12245-bib-0016){ref-type="ref"}, [17](#jcsm12245-bib-0017){ref-type="ref"}, [18](#jcsm12245-bib-0018){ref-type="ref"}, [19](#jcsm12245-bib-0019){ref-type="ref"} works by selectively inducing ribosomal read‐through of premature stop codons but not normal stop codons. DMD patients harbouring specific nonsense mutations would potentially benefit from this therapy (11% of German DMD patients). Exon skipping aims to moderate disease progression by restoring the open reading frame of dystrophin transcripts resulting in the production of partly functional dystrophin protein by AONs.[20](#jcsm12245-bib-0020){ref-type="ref"}, [21](#jcsm12245-bib-0021){ref-type="ref"} Since 60% to 65% of all DMD patients carry a deletion of one or more exons, the skipping of certain exons would be beneficial to a relatively large numbers of patients.[22](#jcsm12245-bib-0022){ref-type="ref"}

Recently, the CRISPR (Clustered Regularly Interspaced Palindromic Repeat)/Cas9 system has been identified as a revolutionary disease‐modifying technology. The versatility of CRISPR/Cas9‐based platforms makes them promising tools for the correction of monogenetic diseases.[23](#jcsm12245-bib-0023){ref-type="ref"} In 2016, local and systemic delivery of Cas9 and gRNAs with AAV vectors was shown in the *mdx* mouse, the most frequently used DMD animal model, leading to expression of a truncated but functional dystrophin protein in skeletal and cardiac muscle.[24](#jcsm12245-bib-0024){ref-type="ref"}, [25](#jcsm12245-bib-0025){ref-type="ref"}, [26](#jcsm12245-bib-0026){ref-type="ref"} Young *et al*.[27](#jcsm12245-bib-0027){ref-type="ref"} deleted exons 45--55 in induced pluripotent stem cells (iPSCs) of DMD patients and differentiated them into cardiomyocytes or skeletal muscle cells. The large deletion restored the reading frame of the DMD gene and also resulted in a truncated but functional protein. Genome editing with CRISPR/Cas 9 creates a permanent modification of the gene; therefore, once‐in‐a‐lifetime might be sufficient for a stable dystrophin expression. However, it is still a challenge to sufficiently reach every muscle in the body, including the heart. Cell therapy has the limitation that it is currently not possible to deliver enough cells to all muscles in the body,[27](#jcsm12245-bib-0027){ref-type="ref"} while the genome‐editing design may offer a therapeutic approach with a reasonable clinical applicability, reaching out to approximately 60% of DMD patients.[28](#jcsm12245-bib-0028){ref-type="ref"}

Gene therapeutic methods such as stop codon read‐through, exon skipping, and gene editing by exon snipping are promising future disease‐modifying or even curative treatments for DMD. Until now, corticosteroids, heart medication, non‐invasive and invasive ventilation, physiotherapy, and supportive care represent the gold standard of therapy; still, loss of ambulation, respiratory, and cardiac decompensation cannot be prevented.[29](#jcsm12245-bib-0029){ref-type="ref"}, [30](#jcsm12245-bib-0030){ref-type="ref"}

TREAT‐NMD ([www.TREAT‐NMD.eu](http://www.treat-nmd.eu)) is a worldwide network for neuromuscular diseases that provides an infrastructure to support the delivery of promising new therapies for patients. Within TREAT‐NMD patient registries for DMD were initially established in five European partner countries (Germany, UK, Hungary, France, and Italy). This project was highly successful with by now \>13 500 patients worldwide from 31 European countries, demonstrating the urgent need of patient registries in rare diseases.[22](#jcsm12245-bib-0022){ref-type="ref"}, [23](#jcsm12245-bib-0023){ref-type="ref"}, [24](#jcsm12245-bib-0024){ref-type="ref"}, [25](#jcsm12245-bib-0025){ref-type="ref"}, [26](#jcsm12245-bib-0026){ref-type="ref"}, [27](#jcsm12245-bib-0027){ref-type="ref"}, [28](#jcsm12245-bib-0028){ref-type="ref"}, [29](#jcsm12245-bib-0029){ref-type="ref"}, [30](#jcsm12245-bib-0030){ref-type="ref"}, [31](#jcsm12245-bib-0031){ref-type="ref"} The impact of the national registries is further enhanced through the continued inclusion in the global DMD registry.

The main objectives of the German DMD registry ([www.dmd‐register.de](http://www.dmd-register.de)) are to assess the feasibility, facilitate the planning of appropriate clinical trials, and support the enrolment of patients, as new therapeutic strategies and clinical trials are in preparation. When a clinical trial is being planned, it is very important that patients suitable for that trial can be found and contacted quickly to facilitate enrolment in the trial. The best way of ensuring this is to collect relevant data about patients in a single registry containing the information that researchers will need, including each patient\'s particular genetic defect and other key information about their disease. Since DMD is a rare disorder, clinical trials are likely to recruit from several countries to reach statistical significance. It is therefore of high importance to harmonize trial infrastructures, standards of care, outcome measures, and patient registries internationally. The national and international registries give a unique opportunity not only to effectively recruit patients for international clinical trials but also to learn more about prevalence, standards of care, and the natural history of the disease. Furthermore, analysing the type and frequency of DMD patient specific mutations is an invaluable tool for diagnostics, basic scientific research, trial planning, trial readiness, and improved clinical care. Trial readiness implies standardized patient registries with many benefits to registered patients, such as feedback on standards of care and new research developments. For industry, the benefits are easy access to the patient community, a clear concept of the target market, feasibility and planning of clinical trials, and recruitment of patients into clinical trials.

We analysed genetic data for 724 DMD mutations held within the German DMD database; our findings mirrored the numbers identified by Bladen *et al*.[22](#jcsm12245-bib-0022){ref-type="ref"} Within our registry, a total of 557 large mutations were observed (77% of total mutations), of which 481 (86%) were deletions (1 exon or larger) and 76 (14%) were duplications (1 exon or larger).

There were 167 small mutations (smaller than 1 exon, 23% of all mutations), of which 43 (26%) were small deletions, 11 (7%) small insertions and 21 (13%) affected the splice sites; 83 (50%) were stop‐codon‐mutations. Seventy‐eight mutations were identified within the database that would potentially benefit from novel genetic therapies for DMD such as stop codon read‐through therapies (11% of total mutations).

Additionally, 391 mutations would potentially benefit from exon skipping therapy (84% of out of frame deletions and 54% of total mutations). The top ten exon skips within the database and the percentage of mutations that would be rescued by such exon skips were deletion of exon 51 (14% of total mutations/22% of deletions), 53 (9%/14%), 45 (8%/13%), 44 (9%/14%),43 (3%/5%), 46(4%/7%), 50(3%/5%), 52(3%/5%), 55(6%/9%), and 8(1%/2%).

Regarding emerging new therapies, it becomes more and more important to address health economic questions; recently, we assessed the cost of illness (COI) of Duchenne and the milder allelic Becker muscular dystrophy (DMD/BMD) from a socio‐economic and clinical perspective in the background of emerging new innovative (curative) DMD therapies.[32](#jcsm12245-bib-0032){ref-type="ref"}

Three hundred and sixty‐three patients with genetically confirmed DMD and BMD were enrolled; patients were divided into corresponding severity stages according to disease progression and motor function (Table [2](#jcsm12245-tbl-0002){ref-type="table-wrap"}) for analysis of differences between the consumption of resources of direct medical services, indirect and informal care cost and health‐related quality of life (HRQOL) between DMD and BMD, but also within the course of the disease. Estimated annual total disease burden including direct medical/non‐medical, indirect and informal care costs of DMD totaled €65263, which was nearly twice as high when compared with €36651 in BMD. Informal care cost, indirect cost caused by productivity loss and absenteeism of patients and caregivers, and non‐medical cost were identified as highly important cost drivers. Total cost increased significantly with disease progression and consistent with the clinical severity of the distinct phenotype regarding all cost items included in the study whereas patients\' HRQOL declined with disease progression.

###### 

Definition of patient/parent self‐evaluated clinical severity stages (Schreiber *et al*.[32](#jcsm12245-bib-0032){ref-type="ref"})

  Stage   Clinical characteristics of DMD patients
  ------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  I       Early ambulatory with mild impairment: Gower\'s manoeuvre, waddling gait, walking on toes, and problems with climbing stairs.
  II      Late ambulatory with high impairment: walking becomes increasingly difficult, more problems climbing stairs and getting up from the floor, and part‐time wheelchair use.
  III     Early non‐ambulatory: loss of ambulation, active manual wheelchair use still possible, independent standing, and sitting still possible for some time.
  IV      Late non‐ambulatory: independent electric wheelchair use but decline of upper limb function and ability to sit independently.
  V       Non‐ambulatory with confinement to bed: loss of independent mobility and hand function preserved on a low level.

Modification after Bushby *et al*.[8](#jcsm12245-bib-0008){ref-type="ref"}, [9](#jcsm12245-bib-0009){ref-type="ref"}

Estimating the worldwide prevalence of DMD to be 4.78 and for BMD 1.53 per 100 000 males as recently published,[33](#jcsm12245-bib-0033){ref-type="ref"} and according to recent calculations of the German population,[34](#jcsm12245-bib-0034){ref-type="ref"} about 1 900 DMD patients and 600 BMD patients are supposed to live in Germany. Altogether, this implicates a yearly disease burden of €123 million for DMD, which showed to be more than five times higher than for BMD with estimated €22 million without even including additional cost of respiratory management, medical aids, and extra direct cost per patient.[32](#jcsm12245-bib-0032){ref-type="ref"}

These health economic assessments are crucial for the funding of development programs for rare diseases since early benefit assessments are required for reimbursement of therapies, contributing to the facilitation of an efficient translation of innovations from clinical research over marketing authorization to patient access to a new therapy.[32](#jcsm12245-bib-0032){ref-type="ref"}

Conclusions {#jcsm12245-sec-0002}
===========

New developments of personalized gene therapy aim at genetically defined disease subgroups in DMD, based on the underlying molecular mechanism and the resulting phenotype, and set an example for other hereditary diseases. We have learned tremendously within the last decade; however, there is still a long way to go until these therapeutic strategies will be able to finally cure---and not only modify---pathology and phenotype of DMD patients.
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